Octopamine (OA) is an important neuroactive substance that modulates several physiological functions and behaviors of various invertebrate species. This biogenic monoamine, structurally related to noradrenaline, acts as a neurotransmitter, a neuromodulator, or a neurohormone in insects. The tyramine b-hydroxylase (TBH) catalyzes the last step in OA biosynthesis and thus plays a key role in the regulation of synthesis and secretion of OA in neurons. The aim of this study was to characterize TBH in the cockroach Periplaneta americana and to get a better understanding of its regulation under stress conditions in this insect. First of all, five full-length cDNAs encoding TBH isoforms were cloned from the nerve cord of the physiological model P. americana. PaTBH transcripts were found mainly expressed in nervous tissues and in octopaminergic dorsal unpaired median neurons. In addition, a new ELISA assay was developed so as to allow determination of both OA level and TBH activity in stressed cockroaches. Mechanical stressful stimulation led to a significant increase in TBH activity after 1 and 24 h, with a higher induction after 1 h than after 24 h. Thus, TBH could be considered as a promising biomarker of stress in insects rather than OA.
Introduction
Arthropoda biogenic phenolamine octopamine (OA) and its precursor tyramine are believed to be the functional counterparts of the vertebrate adrenergic mediators.
neurohormones (Roeder 1999 (Roeder , 2005 . In insects, OA is found at high concentrations in the peripheral nervous system, CNS, and other insect tissue (Axelrod & Saavedra 1977 , Evans 1985 . In the CNS, OA is essential for regulation of motivation, desensitization of sensory inputs, and initiation and maintenance of learning and memory (Farooqui 2007) . OA may also mediate the excitation-induced hypertrehalosemia, which is the 'EXIT' response observed in the cockroach Periplaneta americana (Matthews & Downer 1974 , Downer 1979 .
Biosynthesis of OA is processed in two steps: a decarboxylation of tyrosine by tyrosine decarboxylase to form tyramine, which is subsequently hydroxylated by tyramine b-hydroxylase (TBH) to produce OA (Livingstone & Tempel 1983) . Although this later step appears to be very important in the modulation of OA amounts in the tissues, little information is available about TBH activity in insects. In response to stressful stimuli, the metabolic systems are activated by releasing OA and other several mediators, including juvenile hormone, dopamine, and ecdysteroids (Orchard & Loughton 1981 , Davenport & Evans 1984 , Woodring et al. 1988 , Hirashima & Eto 1993 . In more recent studies, it has been shown that OA levels are modified in various insect species in response to stressors such as temperature changes (Davenport & Evans 1984 , Chentsova et al. 2002 , mechanical and chemical stress (Davenport & Evans 1984 , Harris et al. 1996 , and high population density (Kozanek et al. 1986 ).
Only few studies have focused on the relationship between expression/activity of the TBH and OA synthesis in insects. Biochemical property analysis of a partially purified TBH from the thoracic nervous system of the lobster Homarus americanus had demonstrated that TBH is necessary for the hydroxylation of tyramine to produce OA and that this reaction is dependent on pH, ascorbic acid, copper, and catalase (Wallace 1976 , Lehman et al. 2000a . During Manduca sexta development, TBH activity is increased in the brain and in the ganglia, in correlation with an increase in OA levels during metamorphosis reflecting that OA levels are developmentally regulated (Lehman et al. 2000a,b) . Lehman et al. (2006) have demonstrated that elevated OA levels in forager honey bee brain were correlated with an increase in the expression of gene encoding TBH, indicating a link between transcriptional activity, OA levels in the brain, and the regulation of social behavior in honey bees.
To gain further insight into OA regulation in the cockroach P. americana, we have cloned full-length cDNA encoding TBH-related enzyme expressed in nervous tissue. In addition, we built up a novel ELISA assay for OA measurement to explore both OA state and TBH activity of stressed cockroaches.
Materials and methods

Organisms
The cockroaches P. americana were maintained in the laboratory under standard conditions (29 8C, photoperiod of 12 h light:12 h darkness, food and water ad libitum). Intestine, ganglia, mushroom accessory glands, muscles (extracted from the coxa of the legs), head, and the ventral nerve cord (thoracic and abdominal ganglia, together with the connectives) were dissected from adult male cockroaches.
cDNA cloning and RT-PCR assays
Total RNA was isolated from various tissues using the TRIzol Reagent (Invitrogen), and RT was performed using the SuperScript III First-Strand Synthesis SuperMix kit (Invitrogen). PCR experiments were performed with GoTaq polymerase (Promega) and the amplicons of expected size were purified using NucleoSpin Extract II (Macherey-Nagel, Dü ren, Germany) and cloned into pCR4-TOPO (Invitrogen) for sequencing (Millegen, Labège, France) .
For cloning a TBH-related partial cDNA, a degenerate primer set (Table 1) was designed from TBH of Drosophila melanogaster amino acid sequence (GenBank ID: Z70316) and used in a PCR experiment with cDNA from nerve cord. The partial cDNA sequences encoding TBH-related proteins were extended toward 3 0 and 5 0 directions by RACE methods (GeneRacer kit, Invitrogen) using genespecific primers (GSP1, GSP2, GSP3, and GSP4; Table 1 ). To isolate full-length PaTBH cDNAs (1.7 kb), a primer pair encompassing the open reading frame of PaTBH was designed: a forward primer (GSP5) and a reverse primer (GSP3; Supplementary Table S1 ). For amplifying fulllength cDNAs encoding PaTBH, a high-fidelity ADN thermostable polymerase was used according to the manufacturer (KOD HiFi DNA Polymerase; Novagen, Darmstadt, Germany). Each clone was sequenced twice on both strands using universal sense and reverse primers. Tissue expression pattern of PaTBH transcripts was performed by RT-PCR experiments using the sense primer GSP1 and the reverse primer GSP3 (Table 1) as described previously (Moignot et al. 2009 ). For multiplex single-cell RT-PCR, isolated dorsal unpaired median (DUM) neurons were prepared as already described (Lavialle-Defaix et al. 2010) . The cytoplasm of a single neuron was harvested via a patch-pipette mounted on a micromanipulator. Total RNA was reverse transcribed into first-strand cDNA as described earlier and used as template for two round multiplex nested PCR products, using specific gene primers (Table 2) . PCR products obtained were purified for direct sequencing.
Stress paradigm
A total of 48 cockroaches (24 males and 24 females) were used throughout the study. Insects were randomly assigned to one of the three different experimental groups (16 cockroaches per group: eight males and eight females). In mechanical stress groups, shaking was applied for a period of 1 or 24 h using an orbital shaker. During the stress procedure, insects were placed in glass cages with dimensions 200!10!10 cm (16 cockroaches in each cage) at room temperature and were completely deprived of food and water. Control group (unstressed cockroaches) was isolated for 1 h.
Preparation of homogenate
All steps were performed under dim light. Cockroaches were killed by decapitation. Thoracic and abdominal ganglia were immediately removed and rinsed in ice-cold normal saline solution (150 mM NaCl, 3 mM KCl, 3 mM CaCl 2 , 20 mM MgCl 2 , and 10 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, pH 6.9) (Christensen et al. 1992) . Tissues were frozen in liquid nitrogen and stored at K80 8C. After weighting, the tissues were homogenized in saline solution (500 ml per 100 mg tissue) using a pestle. The homogenate was centrifuged (10 min, 10 000 g, 4 8C). Supernatant containing enzyme extract was collected, aliquoted, and kept frozen (K80 8C) until use. 
TBH assay
The assay is based on the hydroxylation of tyramine (Lehman et al. 2000a,b) (5 mM ascorbic acid and 0.76 mM purified tyramine). All steps were performed in dark or under dim light. The homogenates were added (final concentration 50 mg protein/ml) in assay buffer (0.1 M potassium phosphate, pH 6.9, 1 mg/ml catalase, 0.1 mM N-ethylmaleimide, 0.05 mM CuSO 4 , 5 mM disodium fumarate, 5 mM ascorbic acid and 0.76 mM purified tyramine, and 0.007 Ci/mol purified tyramine) and incubated at room temperature for 30 min without shaking. The reaction was immediately stopped by thermal shock (5 min, 98 8C). The samples were centrifuged at 15 000 g for 10 min and the supernatant was collected and used for ELISA analysis. The TBH assays were performed using triplicate samples in at least three independent experiments. Results are presented as picomoles of OA formed per minute per microgram of total protein.
Determination of OA level by ELISA
All steps were performed in the dark or under dim light. Four buffers (blocking, dilution, washing, and stopping buffer) were prepared before performing the ELISA. Blocking buffer containing 3% (w/v) BSA in PBS was aliquoted and frozen at K20 8C until needed. Dilution buffer containing 0.3% BSA in PBS was kept at room temperature (22 8C). Washing buffer containing 0.1% Tween 20 in PBS was frozen at K20 8C until needed. Stopping buffer containing 1 M H 2 SO 4 in distilled water was kept at room temperature. Flat-bottom 96-well ELISA plates (Multisorb, Nunc, Fisher Scientific, Strasbourg, France) were coated with 100 ml supernatant (5 mg protein/well) and incubated for 3 h under gentle shaking at room temperature. After three washes with 150 ml/well of washing buffer, the plates were blocked with 100 ml/well of blocking buffer overnight at 4 8C. After three washes with 150 ml/well of washing buffer, the plates were incubated with 100 ml/well of the anti-OA polyclonal antibody (1:1000 in dilution buffer, ab37092; Abcam, Paris, France) and for 1 h under gentle shaking at room temperature. After three washes with 150 ml/well, the plates were incubated with 100 ml/well of the peroxidaseconjugated secondary antibody (1:10 000 dilution, A0545; Sigma-Aldrich) for 3 h under gentle shaking at room temperature. The plates were then washed three times with 150 ml washing buffer, and 100 ml 3,3,5,5-tetramethylbenzidine (T8665; Sigma-Aldrich) were added to each well. After 20 min of incubation under shaking at room temperature, the reaction was stopped by addition of 10 ml stopping buffer. The absorbance of the developed coloration was measured at 450 nm using Titertek MultiScan Plus microplate reader. The OA assays were performed using triplicate samples in, at least, three independent experiments. Before the experiments, the cross-reactivity between OA and tyramine and the sensitivity of the ELISA test were verified.
Statistical analysis
The sequenced data were analyzed using the BioEdit sequence analysis software. Full-length ORFs were identified using BLAST research in GenBank database (http:// www.ncbi.nlm.nih.gov/blast/Blast.cgi). Then the alignment of amino acids sequences was carried out with Clustal W as already described (Moignot et al. 2009 ). The annotation of protein sequences with the location of domains was performed using the NCBI's Conserved Domain Database (Marchler-Bauer et al. 2011) and SignalP 4.0 Server 5 (Petersen et al. 2011) . Statistical analysis of ELISA assay data was analyzed using GraphPad Prism software (version 3) (GraphPad Software, La Jolla, USA). Results are given as meanGS.E.M. The measured values were analyzed using a ANOVA followed by a Bonferroni post hoc test. Statistical significance was accepted at *P!0.05, **P!0.01, and ***P!0.001.
Results
Cloning of TBH cDNAs in nerve cord of P. americana RT-PCR and cloning experiments allowed us to constitute a composite full-length cDNA sequence of 1865 bp expressed in the nerve cord tissue of P. americana (Fig. 1 (Fig. 2) . These amino acid substitutions result from seven nucleotide non-synonymous substitutions (A to G, G to C, A to C, G to C, G to T, G to T, and A G respectively). Two other nucleic synonymous substitutions were observed (T to C and A to G). BLAST analysis showed that the amino acid sequence of PaTBH isoforms contains three distinct domains: a DOMON domain (from position 25 to 148), a copper type II ascorbate-dependent monooxygenase N-terminal domain (Cu-monox-N, from position 193 to 323), and a copper type II ascorbate-dependent monooxygenase C-terminal domain (Cu-monox-C, from position 338 to 502) (Fig. 3A) . Multiple alignments showed that these three domains are conserved in five TBHs of insect (Pediculus humanus, Tribolium castaneum, Apis mellifera, Bombyx mori, and D. melanogaster), representing distinct taxons (Hemiptera, Coleoptera, Hymenoptera, Lepidoptera, and Diptera respectively), available in data bank ( Fig. 3B and Table 3 ). The overall sequence of PaTBH shared the highest identity amino acid sequence with PhTBH (57.9%), while it shared the lowest identity with DmTBH (46.7%, Table 1 ). Interestingly, the most conserved domains in all analyzed TBHs were the Cu-monox-N (51.9-64.7%) and the Cu-monox-C (63.6-70.9%) domains (Table 3 ). In contrast, the DOMON domain of PaTBH shares relatively low amino acid identity rate with all the analyzed TBH (35-50.4%). The linker between the DOMON and the Cu 2C -monox domains is short and divergent among the analyzed TBHs (data not shown). Two hundred and forty-two sequences with the same domain topology were available in data bank.
Expression pattern of PaTBH in different tissues
Semiquantitative RT-PCR was carried out to characterize the expression of PaTBH in different cockroach tissues Figure 2 Multiple alignment of deduced amino acid sequences of translated PaTBH mRNAs in P. americana. Clustal W program was used to align five different amino acid sequences that were deduced from full-length cDNAs cloned in the nerve cord P. americana. PaTBH1 corresponds to the composite cDNA (GenBank ID: JQ316453). PaTBH2 to PaTBH5 (GenBank ID: JQ316454 to JQ316458) are four isoforms. PaTBH5 is a truncated form of PaTBH. The peptide signal sequence at position 1-18 is underlined and putative phosphorylation sites are indicated by triangle.
( Fig. 4B, nZ5) . Surprisingly, PaTBH was poorly detected in head in comparison to the ventral nerve cord and the ganglia where high expression levels of PaTBH were observed, as shown in Fig. 4A . PaTBH expression was not detectable in muscle, mushroom-shaped accessory gland, and gut. In addition, PaTBH transcript was also detected in isolated DUM neurons by multiplex single-cell RT-PCR.
The effects of mechanical stress on TBH activity and OA level ELISA assay was assessed to determine TBH activity through the measurement of OA level, as it is a simple, fast, cost-effective, and sensitive method. Several ELISA plates were first tested for their ability to bind nonconjugated OA molecules. The Nunc Multisorb ELISA -monox domains were shown. Identical amino acid residues are highlighted in dark gray and similar ones are in light gray color.
plates gave the best results because they have a high affinity with hydrophilic molecules, e.g. OA, due to their polystyrene surface.
First of all, so as to define the optimal conditions of the assay, commercial OA was coated onto this ELISA plate and revealed using a commercial anti-OA antibody that has 400 times more affinity for OA than for tyramine, according to the manufacturer (for other molecules such as noradrenaline and dopamine, the antibody has 10 000 times less affinity for them compared with OA). Different quantities of OA were coated onto the plate in the presence or absence of tyramine. Results did not show any cross-reactivity between tyramine and OA, as observed in Fig. 5 .
Then, sensitivity of the assay has been tested by coating on the ELISA plate different concentrations of OA. Results showed that the OA concentration and OD were linear from 2.5 to 50 nmol of OA coated and then detection reached a plateau from 50 nmol OA/well (Fig. 6) .
Sensitivity of the assay was also assessed by measuring the limit of detection (LOD) and the limit of quantification (LOQ) parameters. LOD is the lowest concentration of analyte that can be detected and reliably distinguished from zero (or the noise level of the system) but not necessarily quantified; the concentration at which a measured value is larger than the uncertainty associated with it. LOD can be expressed in response units (Y LOD ) and is taken typically as three times the noise level. Otherwise, it is commonly estimated using the expression : Y LOD ZY blank C3S blank (where Y blank and S blank are the average value of the blank signal and its corresponding S.D. respectively obtained by measuring at least a minimum of 4 independent sample blanks).
LOQ is the lowest concentration of analyte that can be determined quantitatively with an acceptable level of precision (citer IUPAC 1998). The procedure for evaluating LOQs is equivalent to that of LODs, by measuring at least four independent sample blanks: Y LOQ ZY blank C10S blank .
Concerning our developed ELISA assay, those parameters gave results as follows: Y LOD Z0.21433 nmol/well and Y LOQ Z0.71385 nmol/well.
Concerning the inter-and intra-assay variability, the low quantity of protein extracted from the nervous cord of cockroach does not allow to test several protein concentrations and many replicates. However, for the assay development, it was verified that the coating of 2 mg cockroach protein extract induced twofold increase in OD compared with 1 mg (3.43G1.36 vs 1.73G0.55 nmol/well), which demonstrated the identical binding affinity of the antibody for cockroach OA and for commercial OA. Afterward, this ELISA test was used on protein extract of cockroaches subjected to mechanical stress for 1 or 24 h. Two analyses were performed: i) direct detection of OA in protein extract of cockroaches and ii) detection of OA after incubation of the protein extract with TBH substrate (tyramine), which enables to measure OA production and hence to deduce TBH activity level in stress condition. Concerning the first analysis (direct measurement of OA level in protein extract), results did not show any significant increase in OA level in the nerve cord after 1 or 24 h of stressful stimulation (Fig. 7) .
For the second type of analysis, BTH enzymatic assay was developed, according to the protocol of Lehman et al. (2000a,b) . We observed that the maximal TBH activity in P. americana occurred within 30 min for the enzymatic test and that 2 mg total protein extract was the limit detection sensitivity of the assay.
Interestingly, results showed that the activity of TBH, measured by OA amounts produced at the end of the enzymatic assay, was increased by mechanical stress (Fig. 8) . Resulting TBH activity was higher in animals exposed to 
Discussion
In this study, we have cloned four full-length cDNA sequences encoding TBH from the nervous system of the cockroach P. americana. PaTBH expression pattern analysis in different cockroach tissues showed that PaTBH was highly expressed in the nervous system of P. americana. Our data are consistent with a neuronal tissue-specific expression of PaTBH with the fact that OA is only synthesized by octopaminergic neurons. The deduced amino acid sequences of these cDNAs share high-identity amino acid sequence with TBH of D. melanogaster. Interestingly, the four different amino acid sequences obtained, called PaTBH 1-4 , result from seven nucleotide substitutions in their cDNA sequences. These nucleotide substitutions were certainly due to individual polymorphism, such as single nucleotide polymorphism (SNP). To date, no SNP has been reported yet for TBH of insect. Conversely, several SNPs have been described for hDBH, which is reported to be involved in diseases such as migraine and attention-deficit hyperactivity disorder (Zabetian et al. 2001 , Kopeckova et al. 2006 , Fernandez et al. 2009 ). However, the functional consequences of SNP are not well understood. The nucleotide substitutions observed in cDNA might also be the result of A-I and C-I RNA editing. Indeed, RNA editing is a frequent mechanism leading to molecular diversity in the nervous system Evaluation of the range of sensitivity of the ELISA assay for detection of octopamine (OA). Different quantities of OA were coated on the ELISA test and detected with the polyclonal antibody anti-OA. (Jepson & Reenan 2008) . Moreover, a fifth shorter cDNA encoding was also obtained. This latter differs from the other four cDNAs by the lack of a 188 bp fragment that likely results in a splicing event. However, to date, RNA editing and alternative events have not been observed in encoding TBH enzymes. These processes may be involved in the tuning of the enzymatic activity of TBH and consequently may regulate OA level in insect body. The amino acid sequences of PaTBH isoforms are structurally organized according to the domain architecture of DBH, which contains three highly conserved domains, a DOMON domain, a copper type II ascorbatedependent monooxygenase N-terminal domain, and a copper type II ascorbate-dependent monooxygenase C-terminal domain (Aravind 2001 , Kapoor et al. 2011 . The DOMON domain was initially described in secreted and membrane proteins in all phyla and was proposed to mediate a range of extracellular adhesive interactions (Aravind 2001) . Computational analysis showed that this domain is very diverse and is involved in heme and sugar recognition (Iyer et al. 2007 ). More recently, structural analysis of hDBH suggested that the DOMON domain promotes tetramerization of the enzyme, while the Cu-monox-C domain controls dimerization (Kapoor et al. 2011 Peptidylglycine a-monooxygenases also contain Cu 2C -monox domain, but in these latter, the DOMON domains are missing (Aravind 2001) . TBH activity was analyzed using a new ELISA assay in nerve tissue of normal cockroaches as well as mechanical stressed animals. This enzymatic assay protocol was adapted from the one developed by Lehman et al. (2000a,b) on the moth M. sexta. Incubation of crude nerve cord extract with tyramine results in the formation of OA, which is detectable by ELISA assay. This assay requires catalase (Wallace 1976 , Lehman et al. 2000a and is based on the conversion of tyramine to OA by the TBH contained in the tissue protein extract. Previous studies conducted on several animals including cockroach used radioactive HPLC detection technique (Lehman et al. 2000a,b) , which is a very precise assay for activity quantification. The ELISA assay used in this study, although less sensitive, presents some significant advantages: it is a fast quantification and low-cost method, and it is suitable for detection of OA levels in various experimental conditions. So as to get a better understanding concerning TBH activity regulation, cockroaches have been subjected to mechanical stress for 1 or 24 h. Results showed a maximal activity of TBH after 1 h of stress, whereas OA level was OA levels (nmol/µg prot )
Figure 7
Effect of mechanical stress on OA level in P. americana. OA levels were measured by ELISA in the nerve cord using triplicate samples in at least three independent experiments after 1 and 24 h of mechanical stress. Data are shown as meanGS.E.M. from each group (nZ16 per group). Effect of mechanical stress on TBH activity in P. americana. TBH activity was determined by ELISA in the nerve cord of P. americana after 1 and 24 h of mechanical stress. OA was synthesized from tyramine by the TBH. After incubation of tyramine with nervous tissue extract, OA level was measured by ELISA using triplicate samples in at least three independent experiments. Data are shown as meanGS.E.M. from each group (nZ16 per group). *, P!0.05; ***, P!0.001.
not increased significantly, that did not enable to observe any correlation between OA levels and TBH activity. Davenport & Evans (1984) reported in the same insect a peak of OA production after 1 min of mechanical stress that declined during continuous mechanical stimulation, likely resulting from an increase in TBH activity. As OA is light sensitive and highly subjected to degradation (Roeder 2005) , it seems likely that this molecule was not stable enough for our longer term exposures and that TBH activity was a better indicator of stress induction in the animals than OA. Davenport & Evans (1984) made the hypothesis that this upregulation of TBH activity observed in their study might be due to an increase in TBH expression or its activation by phosphorylation (Roeder 2005) . So as to verify this hypothesis, semiquantitative RT-PCR was performed for this study on the same samples but did not show any changes in TBH gene expression among the conditions (data not shown).
Some studies have demonstrated that during M. sexta development, induction of TBH activity in the brain and in the ganglia was correlated with an increase in OA levels during metamorphosis. This can be due to i) an increase in TBH levels, ii) an increase in the number of octopaminergic neurons, and/or iii) changes in OA metabolism (OA synthesis, release, uptake, and degradation) (Lehman et al. 2000a,b) . Lehman et al. (2006) have demonstrated that elevated OA levels in forager honey bee brain were correlated with an increase in the expression of gene encoding TBH, thus indicating a link between transcriptional activity, brain OA levels, and the regulation of social behavior in honey bees, which has not been demonstrated in the present work. Several explanations can be proposed to take into account the decrease in OA levels after 24 h of mechanical stress. First, a negative feedback of TBH activity for OA regulation could occur, as recently demonstrated for catecholamines (Mravec 2011) . Secondly, a habituation to mechanical stress can take place, as shown in other invertebrate models .
In summary, we reported i) the identification of a number of SNPs in cDNAs encoding TBH of P. americana and ii) the tremendous increase in TBH activity in nerve cord tissue of insects exposed to mechanical stress. We here demonstrated that measurement of TBH activity provided some advantages for stress characterization in insects. Indeed, conversely to OA, TBH is not light sensitive, its activity is therefore preserved during sample preparation. OA quantification does not allow us to discriminate OA synthesis, degradation, or diffusion, while TBH activity measurement specifically indicates OA synthesis. Hence, TBH appears to constitute a more precise element to understand physiological mechanisms activated under stress in insects.
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